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Chagas disease (ChD) has two clinically recognised phases during its natural evolution. Following Trypanosoma cruzi infection, the acute phase is characterised by high parasitaemia, intense tissue parasitism and inflammatory process in different organs. This phase also includes the development of autonomic nervous system lesions that are usually related to an adjacent inflammatory infiltrate, with or without amastigote nests. The chronic phase begins when the host immune system controls the parasite replication, leading to decreased parasitaemia and tissue parasitism and subsequent inflammatory process reduction (Chagas 1909 , Tafuri 1971 , Prata 2001 . After several years of infection, approximately 30% of infected individuals may present morphofunctional changes in some organs that evolves to ChD symptomatic or determinate form. The maintenance of an active and progressive inflammatory response is associated with severe ChD alterations, in which the most common clinical manifestations involve the heart and/or digestive tract (Tafuri 1971 ). However, other T. cruzi-infected individuals may remain asymptomatic for the rest of their lives, which is the most frequent anatomoclinical form, known as indeterminate ChD (Andrade 1985 , Prata 2001 , Andrade 2005 .
Histologically, focal inflammatory infiltrates can be observed in the asymptomatic form regardless of parasite presence. Thus, indeterminate ChD seems to have a complex anatomoclinical and epidemiological significance and may represent only a phase or a latent form, in spite of normal radiological and electrocardiographic chest tests, histological lesions may be present in these individuals and may indicate progression to the determinate form even at low levels (Coura et al. 1985 , Castro et al. 1994 , Prata 2001 . Supporting this hypothesis, a longitudinal study from 1975-1991 in the city of Mambaí, state of Goiás, Brazil revealed that 32.5% of ChD indeterminate patients showed disease progression, with most of them eventually presenting signs and symptoms of the digestive form (Castro et al. 2001) . Other studies show that morphological changes to the colon, such as solitary distal colon lengthening (dolichocolon), with or without symptoms, have a high prevalence among seropositive T. cruzi patients and may strongly indicate that lengthening precedes dilatation, a typical manifestation of chagasic megacolon (Castro et al. 2012) .
The development of the digestive form, represented mainly by megaoesophagus and megacolon, seems to be related to the geographic distribution of different sub-populations of T. cruzi (Zingales et al. 1998 , Prata 2001 , Virreira et al. 2006 . Anatomically, the affected organs show areas with variable degrees of dilatation interspersed with normal-appearing areas, lumen increase, absence of mechanical obstruction and wall thickening especially related to muscle hypertrophy (Tafuri 1970 , Adad et al. 1991 The pathogenic mechanisms of digestive lesions are not yet fully understood; however, during the acute phase, neuronal damage could be caused by direct or indirect tissue effects of parasitism and subsequent inflammatory response in regions close to the enteric ganglia (Köberle & Alcântara 1960 , Teixeira et al. 1970 , Ribeiro Dos Santos & Hudson 1980 , 1981 . According to Tafuri (1971) , acute enteric nervous system (ENS) changes in digestive ChD are related to organ motor dysfunction that results in accumulation of food or faeces in the lumen, which can compress the mucosa and induce dilation and ischemic events. These events, in turn, can cause regressive lesions of the mucosa and an inflammatory process that reaches the submucosa, leading to submucous plexus injuries and then the muscularis, reaching the myenteric plexus already injured by acute infection. The accumulation and maintenance of the inflammatory cells throughout the chronic disease are associated with tissue destruction and disease progression to fibrosis, which is one of the factors responsible for modification of the intermuscular interstitium components. The involvement of the ENS during the course of T. cruzi infection has been shown in many studies using immunohistochemistry techniques with multiple markers and histopathological findings show that the effects are not restricted to neuronal damage, since changes in enteric glial cell (EGC) numbers and phenotype are also observed (da Silveira et al. 2007 , Iantorno et al. 2007 ). Thus, patients with megaoesophagus and/or megacolon show reductions in neurons , da Silveira et al. 2005 ) and nerve fibres (da Silveira et al. 2007) , moreover, there is loss of S100 + glial cells (da Silveira et al. 2007 , Iantorno et al. 2007 ).
Studies in cell culture have confirmed the existence of two types of EGCs, EGC-glial fibrillary acidic protein (GFAP) + and the EGC-GFAP -. They have also shown that increased expression of GFAP, interpreted as a response to trauma, is associated with the pro-inflammatory cytokines tumour necrosis factor-α and interleukin-1β (Von Boyen et al. 2004) , with expression possibly related to increased cohesion between glial cells (Buniatian et al. 2002) . da Silveira et al. (2007 ) observed a glial cell GFAP + increase in chagasic patients regardless of colon involvement; however, GFAP expression was higher in the nondilated colon. This suggests that intermediate filament expression might underlie a protective barrier for the cell bodies of the neurons and represent an attempt at protection against the inflammatory process or parasite infection. The increase in glial cells was also related to lower inflammatory infiltrates and thus to lower levels of neuronal damage, less dilatation of the organ and the absence of megaoesophagus pathophysiological manifestations (Nascimento et al. 2010) . In this sense, EGC expansion, although it cannot prevent the parasite invasion (da Silveira et al. 2005) , may help to control the inflammatory process by preventing injuries associated with denervation, swelling and organ function loss (Nascimento et al. 2010) .
Given the scarcity of experimental models to study digestive tract changes in ChD and similarities in disease progression in a canine model (Canis familiaris) , 1992 , Caliari et al. 1996 , Machado et al. 2001 , as well as the potential role of ENS components in the development of the digestive form of ChD, this study evaluated the profile of changes that occurred in the oesophagus and colon of Beagle dogs after infection with two morphologically distinct T. cruzi subpopulations belonging to the discrete typing unit (DTU) TcII.
MATERIALS AND METHODS
All procedures and experimental protocols were conducted in accordance with the directives issued by the Brazilian College of Animal Experimentation and approved by the Ethical Committee in Animal Research at Federal University of Ouro Preto (UFOP), state of Minas Gerais, Brazil (protocol 2006/69) . Animals were fed with commercial dog food and water ad libitum. Prior to the study, the animals were dewormed and vaccinated against several infectious diseases.
T. cruzi strains -T. cruzi strains used in this study belong to DTU TcII (Zingales et al. 2009 ) and exhibit distinct morphological characteristics (Guedes et al. 2007 ). The Berenice-78 strain (Be-78) (predominantly composed by stout trypomastigotes forms) was isolated by xenodiagnosis in 1978 (de Lana & Chiari 1986) from the first human case of ChD, while the Y strain (predominantly composed by slender trypomastigotes forms) was isolated from an acute human case and later described by Silva and Nussenzweig (1953) .
Animals and experimental infection -Twenty-four four-month-old Beagles from the UFOP kennel were distributed into three experimental groups: noninfected (NI) (n = 8), infected with the Y strain (Y) (n = 8) and infected with the Be-78 strain (Be-78) (n = 8). The infected groups were inoculated intraperitoneally with 4.0 × 10 3 bloodstream trypomastigotes of Be-78 or Y T. cruzi strains per kilogram of body weight, while eight age-matched NI dogs were used as controls.
Necropsy of the animals and tissue samples -Four animals from each experimental group were euthanised by injection with thionenbutal (Abbott, São Paulo, Brazil) 0.5 mL/kg of body weight (0.03 g/mL in 0.8% saline solution) 30 or 720 days after infection during the acute or chronic phases, respectively. During necropsy, segments of the oesophagus and colon were excised and frozen at -80ºC or preserved in 3.7% buffered formalin (pH 7.2) and embedded in paraffin.
Tissue parasitism -Tissue parasitism was evaluated in frozen samples submitted to kDNA parasite detection by polymerase chain reaction (PCR). Oesophagus and colon samples were thawed, minced and subjected to DNA extraction by Wizard Kit (Promega ® ) following the manufacturer's instructions. PCR amplification was performed in a total volume of 11 μL containing 0.1% Triton X-100, 10 mM Tris-HCl (pH 9.0), 75 mM KCl, 5 mM MgCl 2 , 0.25 mM (each) dATP, dTTP, dGTP and dCTP (Sigma Company Ltd, USA), 0.5 U of Taq DNA polymerase (Platinum, Invitrogen, SP, Brazil), 10 pmol of S35 (5′AAATAATGTACGGG(T/G)GAGATGCAT-GA3′) and S36 (5′GGGTTCGATTGGGGTTGGTGT 3′) primers and 2 μL of DNA for each sample (Ávila et al. 1990 ). The reaction mixture was overlaid with 30 μL of mineral oil (Sigma) and subjected to 35 cycles of amplification in an automatic thermocycler (MJ Research programmable thermal controller PTC-100). The temperature profile was as follows: denaturation at 95ºC for 1 min (with a longer initial time of 5 min at 95ºC), 65ºC for 1 min for primer annealing and 72ºC for 1 min for extension, with a final incubation at 72ºC for 10 min to extend the annealed primers. The PCR products were visualised by 6% polyacrylamide gel electrophoresis followed by silver staining (Santos et al. 1993 ). All DNA extraction steps and reaction mixtures used for PCR were monitored and compared to positive and negative controls.
Inflammatory process -Paraffin-embedded oesophagus and colon tissues were sliced into 4-µm-thick sections, mounted onto albumin-coated glass slides and stained by haematoxylin-eosin for inflammatory infiltrate quantification.
Collagen neoformation -Fibrosis process was determined by total soluble collagen quantified in the oesophagus and colon frozen samples through biochemical analysis based on the collagen precipitation by Sirius red reagent (Mendes et al. 2009b ) and qualitative assessment of microscopic sections of cross-sections (4 µm) stained with Picrosirius red obtained with a planapochromatic objective 10X (100X) in light microscopy (Moura et al. 2009 ).
Auerbach plexus -Paraffin-embedded oesophagus and colon tissues sliced into 4-µm-thick sections were mounted onto silanised-coated glass slides and subjected to immunohistochemistry studies of Auerbach's plexus components. The sections deparaffinised through xylene and dehydrated in graded alcohols were heated at 90ºC for 20 min for antigen retrieval with citrate buffer, followed by endogenous peroxidase activity inhibition by double incubation with 3% hydrogen peroxide in absolute methanol for 30 min. Next, blocking of nonspecific sites was carried out in two steps, the first consisting of a bath with milk powder (0.1 mg/mL) (Molico ® , Nestlé, Brazil) followed by incubation with normal goat serum (1:50) at 25ºC. The slides were then incubated overnight at 4ºC with monoclonal antibodies specific to PGP9.5 (1:100) (Z5116-Dako Cytomation, USA) and GFAP (1:50) (Z03334-Dako Cytomation) and submitted to incubation with peroxidase-conjugated rabbit antimouse antibodies (K0675-Dako Cytomation) for 60 min. Peroxidase activity was demonstrated by incubation with 3.3k-diaminobenzidine (Sigma) and hydrogen peroxide for 5 min. Slides were counterstained with Harry's haematoxylin, dehydrated in graded alcohols and mounted in synthetic mounting media.
Morphometric analyses -Morphometric analyses of the inflammatory infiltrate, Auerbach plexus innervation [PGP9.5-immunoreactive (IR) area] and enteroglial components (GFAP-IR area) were carried out. All tests were performed in a single slide of tissue sections from each animal. Sections were viewed with a 40X objective and images were digitised by Leica DFC340FX microcamera associated with Leica DM5000B microscopy; all images were analysed using the image processing and analysis software Leica Qwin V3 at Multiuser Laboratory of Center for Research in Biological Sciences of UFOP. The inflammatory process was assessed by cell nuclei quantification in the submucous and muscular layers in 20 random images (fields) covering a total area equal to 1.5 × 10 6 µm 2 and the difference (p < 0.05) between the number of cell nuclei present in the animals infected with T. cruzi and that observed in NI animals (cut-off) determined the number of inflammatory cells (Caliari et al. 1996 , Maltos et al. 2004 . The images number was determined by stability statistical test draw at random replacement. In the Auerbach plexus, the neuron numbers and morphology, PGP9.5-IR area and GFAP + area were evaluated. In ganglion neurons, the measurements of the cell body and the nuclear and cytoplasmic area and perimeter, in addition to the ratios between the nuclear and cell body area, were assessed (Barbosa et al. 2009 , Mendes et al. 2009a ). In addition, the number of intact neurons was quantified and evaluated in relation to the ganglionic area (Tafuri 1957) . The innervation of the myenteric plexus was analysed by measuring the PGP9.5-IR area restricted to and relative to the ganglionic area. Morphometric analysis of the enteroglial components was performed by assessment of the GFAP-IR area restricted to and relative to the ganglionic area.
Statistical analyses -Between-group comparisons of morphometric data, considering the different strains and both times evaluated, were conducted using twoway ANOVA. The significance of difference between specific treatment means was determined by Bonferroni post-tests. In all cases, differences were considered statistically significant when p were < 0.05.
RESULTS
Tissue parasitism and inflammatory process -Both the Y and Be-78 strains were able to infect the oesophagus and colon (Fig. 1, Table) and cause an inflammatory response (Fig. 1) . During the acute phase, an inflammatory process was observed in both organs of animals infected with Y and Be-78 T. cruzi strains compared to the NI group. In the chronic phase, conventional PCR detected tissue parasitism only in the oesophagus of the Be-78-infected group, which may have been related to the persistent inflammatory process observed exclusively in this group.
Collagen neoformation -The biochemical evaluations of the collagen neoformation process demonstrated that compared to NI and Be-78-infected animals, animals Y-infected had increased total soluble collagen in the chronic phase (Fig. 2) , with increased collagen type I deposition mainly in the intermuscular region in both the oesophagus and colon, consistent with intermuscular interstitial fibrosis.
Auerbach plexus -No significant difference in the number of neurons was observed between the groups for either organ (data not shown). In relation to neurons associated with degenerative injuries in the oesophagus, only Y strain-infected animals showed increased cell body area compared to NI animals and Be-78-infected animals during the chronic phase (data not shown). With regard to myenteric innervation as evaluated by PGP9.5-IR area in the ganglionic region, the oesophagus of infected animals showed significantly reduced innervation in the acute phase with both strains. In the chronic phase, myenteric denervation progressed only in animals infected with the Be-78 strain compared to NI and Y strain-infected animals (Figs 3, 4) . In the colon, no differences were observed for the PGP9.5-IR area between the different groups (Fig. 3) . Since the neuronal body count revealed no difference between the experimental groups, the denervation observed in infected animals seems to be related to loss of nerve filaments.
Enteroglial components -In Y group animals, there was a significant decrease in the GFAP-IR area in the oesophagus compared to the NI group during the acute phase. During the chronic phase, this reduction was observed only in the Be-78 group compared to the NI group (Figs 3, 4) .
DISCUSSION
T. cruzi infection has been reproduced in various experimental models and the dog in particular presents a good representation of ChD manifestations, being able to reproduce acute infection followed by a long clinically asymptomatic period. In some cases, years later, cardiac fibrosis that progressed during the chronic phase has led to congestive heart failure (Andrade & Andrade 1980 , 1992 , Caliari et al. 2002 . With regard to the digestive form of ChD, although some authors have observed dilatation in canine model (Köberle 1957 , Okumura & Corrêa-Netto 1961 , denervation and regressive neuronal lesions of the myenteric plexus do not appear to have a characteristic pattern; some studies report a pattern (Tafuri 1971, Caliari al. 1996) , while others do not (Machado et al. 2001) . The motor disorders of the digestive tract in ChD are mainly related to ENS injury and these lesions may include neuronal degeneration; denervation, with neuronal or nerve fibre reduction (Köberle 1957 , Okumura 1967 , Tafuri 1971 , Tafuri et al. 1979 , Andrade & Andrade 1980 , Caliari et al. 1996 , Santos 1998 , da Silveira et al. 2005 and glial cell alterations (da Silveira et al. 2005 , Nascimento et al. 2010 . These changes seem to be directly associated with the inflammatory response and tissue parasitism maintenance (Tafuri & Brener 1967 , Tafuri 1970 , 1971 , Vago et al. 1996 , 2003 , Lages-Silva et al. 2001 , da Silveira et al. 2005 , ManoelCaetano et al. 2008 . In this study, the oesophagus and colon were analysed in Beagle dogs infected with two T. cruzi strains (Y or Be-78) for up to 720 days of infection. Both strains were able to parasitise the oesophagus and colon of the dogs during the acute phase and this parasitism induced a moderate inflammatory infiltrate, distributed through the submucosal layer, muscularis mucosa and muscularis propria and in the periganglionar region. Similar changes were also observed by other authors in the oesophagus of dogs infected with different T. cruzi strains belonging to two different DTUs, Be-78 (TcII), 12SF and Colombiana (TcI) (Andrade & Andrade 1980 , Caliari et al. 1996 , Santos 1998 , Zingales et al. 2009 ).
In the chronic phase, positive PCR results for T. cruzi were observed only in the oesophagus of the Be-78 group, reinforcing that the predominance of stout forms coincides with slow and progressive parasite multiplication (Andrade 1985) . These results also agree with previous reports that the presence of T. cruzi kDNA and cytokines are more frequently associated with parasitism maintenance in the oesophagus as opposed to the colon (Lages- Silva et al. 2001 , Ribeiro et al. 2008 . In addition to parasitism maintenance, inflammation continues to be observed in this group, similar to that observed in dogs by others authors (Machado et al. 2001 , Andrade & Andrade 1980 or in T. cruzi-infected humans without the digestive form , da Silveira et al. 2005 . The inflammatory infiltrate can persist in the chronic phase, even if ChD clinical signs are absent; the dogs evaluated in this study were considered as not having the ChD digestive form and the tissue changes reaffirm that the undetermined form of ChD is not definitively characterised by normal histology. In fact it may even be related to an unfavourable prognosis leading to potential late clinical manifestations that progress to the apparent disease.
The collagen neoformation observed only in animals Y-infected may indicate that the inflammatory response was controlled in these animals, which permitted de- The dashed lines indicate significant differences between groups during the acute phase, the solid lines indicate significant differences between groups during the chronic phase and the asterisk means significant difference between acute and chronic. Groups with n = 4. Be-78: infected animals with be-78 strain; NI: noninfected animals; Y: infected animals with Y strain. stroyed tissue areas to heal within two years of infection. However, the immunoregulatory response in animals infected with the Be-78 strain seemed to occur later, which agrees with findings from a murine model reported by Brener (1969) , in which the response to infection with the Y strain was faster than with the Be-78 strain, resulting in earlier control of parasitaemia and tissue parasitism.
With regard to the ENS ganglionic components, experimental infection was able to cause denervation, related to the nerve fibre loss and GFAP + glial cell reduction. This was in contrast to observations from patients without the digestive form in which there was GFAP + glial cell increase (da Silveira et al. 2007 , Nascimento et al. 2010 ) and smaller loss of neuronal bodies (da Silveira et al. 2005 ), but not nerve fibre reduction; only in patients with the digestive form did these changes occur (da Silveira et al. 2007 , Nascimento et al. 2010 . These contradictory results reinforce that the study dogs, although considered asymptomatic, had some degree of ENS injury comparable to that observed in patients with gastrointestinal symptoms and this may be related to the specific T. cruzi strain. Our findings strengthen the evidence for denervation and GFAP + glial cell loss having an intimate relationship. Literature data indicate that glial cells have a role in an ENS defense mechanism against T. cruzi infection and are associated with prevention of organ denervation (Nascimento et al. 2010) . Accordingly, the glial cell reduction observed in the oesophagus of Be-78 strain-infected dogs in the chronic phase, possibly in response to the inflammatory process, may be associated with a failure to contain tissue parasitism maintenance effects, which ultimately leads to denervation.
We observed that NI animals had apparent reduced innervation at the end of 720 days of follow-up. This finding is associated with senescence that causes dysmotility (Meciano-Filho et al. 1995) . In ChD patients, radiographic findings indicate that oesophageal motility is more impaired in patients with advanced age compared with younger patients and this is also related to senescence (Dantas & Aprile 2006) . The reduction of the PGP9.5-IR area observed in the Be-78 group during the chronic phase was significantly greater than that caused by senescence in NI animals, however and for this reason it was considered to be denervation due to ChD.
Comparing the pathogenic behaviour of the Y (composed by 91% of slender forms) and Be-78 (composed by 90% of stout forms) strains (Guedes et al. 2007 ), we observed that infection with the Y strain generally induced development of early changes that were reflected in an inflammatory response limited to the acute phase, with a healing process characterised by collagen neoformation within two years of infection. Furthermore, the denervation process and GFAP + glial cell reduction caused by this strain were significant only in the acute phase, returning to homeostasis at two years post-infection. These data are consistent with faster parasitaemia (Veloso et al. 2008 ) and control of tissue parasitism. In contrast, the persistence of parasites in the Be-78 group related to the absence of clinical symptoms in chronic experimental ChD suggests the participation of other factors, such as host genetics and immune response and phenomena associated with the parasite-host interaction, during the acute phase development of the ChD indeterminate form. Furthermore, genetic variability of the parasite and the histotropism phenomena seem to influence clinical progression of the disease. The presence of distinct T. cruzi genetic profiles in the different organs has been shown by using parasite isolates obtained directly from the heart and oesophagus of chagasic patients with cardiac and oesophageal involvement. These distinct profiles indicate infection with polyclonal strains and a preferential histotropism between the populations, sufficient to influence the distinct clinical forms' pathogenesis and development (Vago et al. 1996) . Although in this work infection with two strains was independent, a distinct selection may be suggested in the chronic phase, since heart tissues show a higher positivity by PCR for the Y strain (Veloso et al. 2008) , while the oesophagus was positive only for Be-78 strain in our study. This hypothesis is further strengthened by data obtained by Guedes et al. (2007) during an evaluation of Beagle hearts, in which 80% of animals Y-infected showed cardiomegaly and cardiac abnormalities, chronic inflammation and fibrosis. In contrast, only 20% of dogs infected with the Be-78 strain had these manifestations.
Given pathological changes persisting over 720 days of infection, including parasitism and tissue inflammation, as well as other findings related to the ganglionic components of Auerbach's plexus, especially in animals infected with the Be-78 strain, we suggest that the absence of clinical signs and symptoms does not necessarily indicate histological normality. This confirms the need for more studies addressing the self-limited or progressive character of the indeterminate form of ChD manifestations. Immunopathological studies indicate that the indeterminate form represents an ideal situation for both the parasite and host, in which there is a balance between the immune response capable of maintaining the parasitism at low levels while still remaining in control and avoiding cytotoxic mechanisms (Dutra et al. 2009 ). The direct influence of immune mechanisms in chronic lesions must be understood along with ChD in both its determinate and indeterminate forms.
In summary, although morphologically distinct, both strains were able to reach and parasitise the oesophagus and colon inducing a considerable inflammation process in the submucosal and muscular layers and also adjacent to myenteric ganglia, however, the animals infected with Y strain appear to control parasitism and return the immune system to homeostasis, while animals infected with Be-78 strain keep parasitism until the end of inflammation at 720 days. Regarding the ENS, the lesions induced by Y strain appear to be self-limiting as those induced by infection with Be-78 strain are longer lasting and may perhaps present more progressive character. In this context, we confirm that the morphological differences interfere with the initial development of the immune response of the host which in the long-term can determine the success of tissue parasitism control and associated injuries.
